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Abstract 

Background: Early menopause has been associated with many adverse health outcomes, 

including increased risk of cardiovascular disease morbidity and mortality. Lead has been found 

to be adversely associated with female reproductive function, but whether exposures experienced 

by the general population are associated with altered age at menopause has not been explored.  

Objective: To assess the association between cumulative lead exposure and age at natural 

menopause. 

Methods: Self-reported menopausal status and bone lead concentration measured with K-shell-

X-Ray Fluorescence—a biomarker of cumulative lead exposure—were obtained from 434 

women participants in the Nurses’ Health Study.  

Results: The mean (± SD) age at natural menopause was 50.8 ± 3.6 years. Higher tibia lead level 

was associated with younger age at menopause. In adjusted analyses the average age of 

menopause for women in the highest tertile of tibia lead was 1.21 years younger (95% CI: -2.08, 

-0.35) than for women in the lowest tertile (p-trend = 0.006). Although the number of cases was 

small (n = 23), the odds ratio for early menopause (< 45 years of age) was 5.30 (95% CI: 1.42, 

19.78) for women in the highest tertile of tibia lead compared to the lowest tertile (p-trend = 

0.006). There was no association between patella or blood lead and age at menopause. 

Conclusions: Our results support an association between low-level cumulative lead exposure 

and an earlier age at menopause. These data suggest that low-level lead exposure may contribute 

to menopause-related health outcomes in older women through effects on age at menopause.  
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Introduction 

Early menopause has been associated with several adverse health outcomes including loss of 

bone mineral density (Gallagher 2007), and cardiovascular disease morbidity (Atsma et al. 2006; 

Cui et al. 2006) and mortality (Ossewaarde et al. 2005; van der Schouw et al. 1996). Indeed, 

cardiovascular disease is still the most common cause of death among women worldwide 

(Mathers et al. 2009). Therefore, mitigation of population exposures to risk factors for early age 

at menopause could yield significant benefits in terms of reducing chronic disease morbidity and 

mortality in postmenopausal life.  

Adverse female reproductive function effects of lead exposure have been reported in both 

animal/in vitro and human epidemiological studies. Although experimental studies have usually 

used high exposures and/or exposure routes not reflective of human ones, they have found lead-

associated disruption of gonadal function and reproductive hormone production with prenatal as 

well as later life exposures (Pillai et al. 2010; Nampoothiri and Gupta 2006) and potential 

impairment of hypothalamic-pituitary-gonadal (HPG) signaling (McGivern et al. 1991). 

Epidemiological studies have found associations between lead exposure and various reproductive 

endpoints, including disruption of reproductive hormones among peri-pubertal girls (Gollenberg 

et al. 2010), later puberty (Selevan et al. 2003; Naicker et al. 2010), reduced fertility (Snijder et 

al. 2012; Chang et al. 2006), and menstrual abnormalities and spontaneous abortion in an 

occupational group (Tang and Zhu 2003). For example, among 8 to 18-year-old girls 

participating inthe third National Health and Nutrition Examination Survey (NHANES), 

modestly higher blood lead levels (3 µg/dL versus 1 µg/dL) were associated with later pubertal 

development (Selevan et al. 2003). Among battery plant and capacitor factory workers, 52 lead 

exposed female workers were found to have a higher prevalence of menstrual abnormalities 
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including polymenorrhea or hypermenorrhea, and spontaneous abortion than 62 controls 

randomly sampled from plant workers in non-lead production departments (Tang and Zhu 2003). 

With respect to lead and menopause, the majority of research, including an earlier study in the 

Nurses' Health Study cohort (Korrick et al. 2002), has focused on the effects of menopause on 

blood lead levels (Garrido Latorre et al. 2003; Jackson et al. 2010; Nash et al. 2004; Potula and 

Kaye 2006; Vahter et al. 2004). Release of lead from bone to blood as a consequence of 

increased bone turnover following menopause has been proposed as a mechanism that may 

explain cross sectional associations between menopause and blood lead levels. However, to our 

knowledge, only two prior studies have attempted to examine the association between lead 

exposure and age at menopause (Popovic et al. 2005; Mendola et al. 2013). One was a small 

study among former smelter workers who were found to have earlier menopause compared to 

community-based controls, but selection bias or uncontrolled confounding by other occupational 

exposures could have affected the findings. The second study was a cross-sectional analysis of 

1,782 women in NHANES among whom increased odds of natural menopause was seen with 

higher blood lead levels (Mendola et al. 2013). However, given the cross sectional analysis and 

roughly 30 day half-life of blood lead, whether lead caused the earlier menopause or earlier 

menopause caused the higher blood lead is difficult to determine. We are not aware of any 

studies that have explored the association between a biomarker of cumulative lead exposure and 

age at menopause at lower-level, non-occupational exposures typically experienced by women.  

To explore the association between lead exposure and age at menopause, we measured lead 

concentration in bone—a biomarker of cumulative lead exposure—among older women 

participants in the Nurses’ Health Study (NHS). 
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Methods 

Study population 

The NHS is an ongoing prospective cohort study initiated in 1976 when 121,700 female 

registered nurses, aged 30 to 55 years and living in 11 U.S. states, completed a questionnaire on 

their medical history and health-related behaviors (Colditz et al. 1997). The study was designed 

to assess the relation of diet, lifestyle, and other factors with women's risk of a wide range of 

chronic diseases. Since its inception, participants have completed mailed questionnaires every 

two years with response rates of approximately 90%.  

The NHS participants in our analyses consisted of a subgroup living in the greater Boston area 

and assessed in two sequential studies of lead exposure and chronic disease risk in women. In 

both studies, lead in blood as well as in tibia and patella bone was measured. The first NHS 

subgroup consisted of 301 women participating in a nested case-control study of lead exposure 

and hypertension (Korrick et al. 1999). For that study, we invited women to take part if they 

lived in the greater Boston, Massachusetts metropolitan area; did not have a history of a major, 

chronic disease; and were not obese (body mass index ≥ 29 kg/m2). Women who were free of 

major, chronic disease (no reported diagnosis of hypertension, cardiovascular disease, renal 

disease, diabetes, or malignancies) from 1990-1994 were invited to participate as controls, and 

women who first reported a diagnosis of hypertension between 1990 and 1994 were invited to 

participate as cases. Controls were frequency matched to cases by 5-year age groups. In total, 

between 1993 and 1995, 301 NHS participants (101 hypertension cases and 200 controls), agreed 

to participate and underwent study evaluation, including measurement of their lead levels.  
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The women in the second Boston-area NHS subgroup were originally recruited for a cohort 

study of lead exposure and bone density (Weuve et al. 2009). Similar eligibility criteria used for 

controls in the hypertension study applied here, with participants being free of chronic diseases 

(no reported diagnosis of hypertension, cardiovascular disease, renal disease, diabetes, or 

malignancies) during the recruitment and evaluation period from 2001-2004 at which time their 

lead measurements were made. In total, 320 NHS participants completed the bone density study 

evaluations. The two substudies were non-overlapping with a combined total of 621 unique 

participants. 

We used lead exposure measures, questionnaire, and health information collected in these two 

Boston area substudies and in the biennial main NHS questionnaires for the current analysis. 

Age at menopause 

Menopausal status was determined on the first NHS questionnaire in 1976 and then again on 

each biennial questionnaire by asking whether the participants’ menstrual periods had ceased 

permanently and, if so, at what age and for what reason (natural or surgical). Of the 621 women 

with lead measurements, 610 had data on age at menopause. Of those women, 449 reported 

natural menopause, 154 surgical, and seven were missing data on menopause type. Among the 

449 with natural menopause, we excluded 15 with missing covariate data, leaving 434 for the 

current analysis. Thirty-three women reported menopause having occurred between 1957 and 

1976, prior to the first NHS questionnaire. The remaining 401 women underwent menopause 

between 1976 and 2003. We defined early menopause as natural menopause occurring before 45 

years of age (Gallagher 2007). 
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Lead exposure assessment 

Participants visited the outpatient General Clinical Research Center (GCRC) of the Brigham and 

Women’s Hospital for measurement of lead content in their bone by K-x-ray fluorescence 

(KXRF), a noninvasive technique for measuring skeletal lead content that can measure very low 

lead concentrations (Aro et al. 2000; Nie et al. 2008). The KXRF instrument provides an 

estimate of bone lead levels normalized to bone mineral content and is expressed as micrograms 

of lead per gram of bone mineral (μg/g). Negative estimates of bone lead concentrations may 

occur for lead values close to zero. In epidemiologic studies, use of all point estimates, including 

negative values, has less bias and greater analytic efficiency than imposing a minimum 

detectable limit (MDL) and recoding data below the MDL (Kim et al. 1995). 

Bone lead measurements were made at each woman’s mid-tibial shaft and patella. These sites are 

targets for bone lead research, because the tibia consists mainly of cortical bone, and the patella 

of trabecular bone. The estimated half-lives of lead in cortical and trabecular bone in a cohort of 

older men were on the order of decades and several years, respectively (Wilker et al. 2011). 

However, a faster rate of decrease in bone mineral density with older age among women 

compared with men, primarily related to postmenopausal changes in bone physiology (Riggs et 

al. 1982), likely makes these half-lives shorter in women. 

When we began measuring the women's bone lead, we used an instrument developed by 

ABIOMED (Danvers, Massachusetts). A technical description and validity specifications of this 

instrument have been published elsewhere (Aro et al. 2000). In 1999, we replaced our prototype 

ABIOMED instrument with an upgraded instrument designed to be more precise, through 

changes in the cadmium radiation source, adjustments to the geometry of the measurement 

procedure, and upgrades in both the system’s software and specific hardware components (Aro et 
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al. 1994). Intercalibration data from persons who were measured on both instruments 

demonstrated a linear relationship between the two measurements with a slope of 0.87. Using 

this correction factor, we are able to combine data from our prototype and upgraded KXRF 

machines (Nie et al. 2008). To reduce the impact of any additional scaling differences in these 

readings on our epidemiologic analyses, we included a term for lead substudy in our regression 

models, which effectively adjusts for instrument, since women from the hypertension substudy 

were assessed on the ABIOMED instrument (Korrick et al. 1999), and women from the bone 

density substudy were assessed on the upgraded instrument (Weuve et al. 2009). 

Whole blood samples were collected in trace-metal-free tubes (with EDTA), and lead levels were 

analyzed using graphite furnace atomic absorption with Zeeman background-correction (ESA 

Laboratories, Chelmsford, MA). After every 20 samples, the instrument was calibrated with 

National Institute of Standards and Technology (NIST) Standard Reference Material (SRM) 

955a, lead in blood (NIST, Gaithersburg, MD). To test internal reliability, 10% of samples were 

run in duplicate; at least 10% of the samples were controls and 10% were blanks. To test external 

validity, reference samples from the U.S. Centers for Disease Control and Prevention (Atlanta, 

GA) were measured. Coefficients of variation ranged from 8% for lead concentrations of 10–30 

µg/dL to 1% for higher concentrations. The detection limit (LOD) was 1 µg/dL; values below the 

LOD were assigned a value of 0.71 µg/dL (1 µg/dL divided by the square root of 2). 

Statistical analysis 

We used ordinary least squares linear regression to analyze age at menopause as a continuous 

dependent variable. We used logistic regression to estimate odds ratios (OR) and 95% 

confidence intervals (CI) for early menopause. We conducted analyses for blood, patella and 

tibia bone lead biomarkers (separately) categorized into tertiles for models for age at menopause 
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as a continuous variable and early menopause. For trend analyses, we fit models using a single 

continuous lead biomarker term created by assigning to each woman the median value of her 

lead biomarker tertile, which reduces the influence of extreme values. In addition, we also report 

results of trend analyses based on categorizing lead in quintiles. Analyses were adjusted for age 

at menarche (years), year of birth, substudy group, age at bone lead measurement (years), age at 

bone lead measurement squared, months of oral contraceptive use, parity (0, 1-2, 3, 4+), and 

pack-years of smoking assessed at the time of menopause. In sensitivity analyses, we further 

adjusted for alcohol consumption (< 1, 1-5, 5-10, ≥ 10 g/day) and body mass index (< 20, 20-25, 

≥  25) at the time of menopause, as these are not consistently associated with menopause. 

Because age at menopause may affect the use of postmenopausal hormone replacement therapy 

(HRT), we did not adjust for HRT in our primary analyses. However, we did secondary 

sensitivity analyses adjusted for HRT use (never, past, current, or premenopausal at the time of 

bone lead measurement). In addition, to limit the possibility that lead released from bone after 

menopause affected bone lead concentrations differentially with respect to age at menopause, we 

performed a sensitivity analysis restricted to women whose bone lead was measured more than 5 

years after menopause. The 5-year cut point was chosen to approximate the time when the most 

rapid menopausal bone loss has ended (Greendale et al. 2012; Recker 2011). Only 28 women 

went through menopause after bone lead measurement, too few to run analyses restricted to that 

group. We used SAS version 9 (SAS Institute, Cary, NC, USA) for all these analyses. We used R 

version 3.0.2 to examine the smoothed, adjusted association between tibia lead and age at 

menopause with a natural spline. We used Akaike’s information criterion to determine the 

optimal number of knots. This study was approved by the institutional review board of Brigham 
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and Women’s Hospital Boston, MA. All women gave written consent to participate in studies of 

lead exposure.  

Results 

The mean (± SD) age at bone lead measurement was 61.1 ± 5.9 years (59.4 ± 7.1 years in the 

hypertension substudy and 62.4 ± 4.3 years in the bone density substudy). The mean age at 

menopause was 50.8 ± 3.6 years. Of the 434 women in our analyses, 28 were premenopausal at 

bone lead measurement with a mean of 3.5 ± 1.7 years between their bone lead measurement and 

menopause. The remaining women were postmenopausal at bone lead measurement, with a mean 

time between menopause and subsequent lead measurement of 11.3 ± 6.3 years. Overall the 

median concentrations of tibia, patella, and blood lead were 10 µg/g [interquartile range (IQR): 

4-15],12 µg/g (IQR: 6-18), and 3 µg/dL (IQR: 2-4), respectively. The distributions of bone lead 

concentrations by participant characteristics are shown in Table 1. As was observed in our 

previous case-control study of lead and hypertension in the first NHS subgroup, both tibia and 

patella lead levels were higher with older age, more pack-years of smoking, and alcohol intake 

(Korrick et al. 2002). 

Higher tibia lead was associated with a significantly younger age at menopause (Table 2). 

Compared with women in the lowest tertile of tibia lead, those in the highest tertile were1.21 

years younger at menopause on average (95% CI: -2.08, -0.35; p-trend = 0.006). An interquartile 

range (11 µg/g) increase in tibia lead concentration was associated with a 0.89 years younger 

(95% CI: -1.52, -0.25) age at menopause. The analysis of trend using quintiles of tibia lead was 

also significant (p = 0.05). A smooth plot of the adjusted association between tibia lead and age 

at menopause suggested that the inverse association flattens out somewhat at higher tibia levels 
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(Figure 1), but this is also in the range where there was less data. Age at menopause was not 

associated with patella or blood lead (Table 2). 

When age at menopause was dichotomized as early (< 45 years of age) or not, higher tibia lead 

was associated with early menopause (Table 3). Women in the highest tertile of tibia lead (n = 14 

cases) had an OR of 5.30 (95% CI: 1.42, 19.78; p-trend = 0.006) compared with women in the 

lowest tertile (n = 3 cases). The analysis of trend using quintiles of tibia lead was also significant 

(p = 0.02). For an interquartile range (11 µg/g) increase in tibia lead concentration, the odds ratio 

for early menopause was 3.68 (95% CI: 1.46, 9.29). As with analyses of continuous age at 

menopause no association was seen for early menopause with blood or patella lead (Table 3). 

Associations between tibia lead and age at menopause (Supplemental Material, Table S1) and 

early menopause (Supplemental Material, Table S2) were similar to those for the main analysis 

when we additionally adjusted for BMI and alcohol consumption, or for hormone replacement 

therapy, or when we restricted the analyses to women who were premenopausal in 1976 (n = 

401). The association between tibia lead and age at menopause also was similar to the main 

analysis when we restricted the model to women whose bone lead was measured more than 5 

years after menopause (Supplemental Material, Table S1). However, we did not perform this 

sensitivity analysis for early menopause because of insufficient numbers of cases. The null 

association of patella lead with menopause was unchanged when restricted to women who were 

more than 5 years after menopause at their bone lead measurement. No sensitivity analyses were 

performed for the remaining null findings using blood and patella lead measures.  
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Discussion 

In this study of cumulative lead exposure and age at menopause among women with general 

environmental exposure to lead, we found a strong association between higher long-term 

cumulative lead exposure—as measured by lead in the tibia—and younger age at natural 

menopause. Specifically, women in the highest tertile of tibia lead had five times greater risk of 

early menopause and experienced menopause more than one year earlier than women in the 

lowest tibia lead tertile. From a public health perspective, it is important that these findings were 

among non-occupationally exposed women with low lead levels (the average blood lead 

concentration was 3 µg/dL) comparable to measures in older adult women from the general US 

population (Campbell and Auinger 2007). 

Non-surgical menopause is triggered by the decline in the number and function of ovarian 

follicles during the programmed process of ovarian follicle atresia (Broekmans et al. 2009). 

From at least 300,000 to 400,000 at menarche, the estimated number of primordial follicles falls 

below 1000 at the time of menopause, and oocyte quality also diminishes (Faddy et al. 1992). 

The hypothalamic pituitary gonadal (HPG) axis may also contribute to the age-related decline in 

reproductive function, as a decline in negative feedback from the ovaries alters HPG signaling 

(Downs and Wise 2009). 

Although the mechanism whereby general environmental lead exposure might lead to earlier 

menopause is uncertain, results of experimental animal models, including studies of non-human 

primates, and in vitro studies, suggest that lead may affect the female reproductive system in 

several ways that could contribute to earlier menopause (Doumouchtsis et al. 2009; U.S. EPA 

2012). For example, in an in vitro study of human ovarian granulosa cells collected from women 
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undergoing in vitro fertilization, cells grown on media that contained lead acetate accumulated 

lead, which was accompanied by lower levels of p450 aromatase messenger RNA, cytochrome 

p450 aromatase, and estrogen receptor beta proteins than untreated cells (Taupeau et al. 2003). 

Although the applicability of these in vitro findings to the in vivo setting is uncertain, aromatase 

is required for the transformation of androgen to estradiol, and estrogen receptor beta mediates 

estrogen effects in granulosa cells, actions that are essential for follicular growth and maturation, 

oogenesis, ovulation, and normal luteal functions in vivo (Ryan 1982). In addition to direct 

damage of ovarian cells and ovarian atrophy at high lead levels (Vermande-Van Eck and Meigs 

1960; Taupeau et al. 2001), lead also disrupts endocrine function at multiple points along the 

HPG axis including, for example, altered pituitary gonadotropin production in response to 

gonadotropin releasing hormone (Doumouchtsis et al. 2009; U.S. EPA 2012), 

Evidence from epidemiologic studies supports the possibility that lead exposures typical of the 

general population have reproductive effects that could impact menopause. For example, in the 

National Health And Nutrition Examination Survey (NHANES),lead levels were associated with 

altered serum follicle stimulating hormone (FSH) concentrations, among premenopausal women 

(Kreig, 2007; Krieg and Feng 2011), although in another much smaller sample, associations 

between blood lead and FSH were not seen (Jackson, 2011; Pollack, 2011). Among 52 

occupationally exposed lead battery plant and capacitor factory workers, female lead exposed 

workers showed a significantly higher prevalence of polymenorrhea, and prolonged and 

abnormal menstruation than a control group of 62 women who were randomly sampled workers 

in administrative or non-lead-production departments (Tang and Zhu 2003). Several 

epidemiological studies have also found associations between lead exposure and reduced fertility 
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in women, as well as later menarche and pubertal development (U.S. EPA 2012), although the 

relevance of these endpoints to menopause is less clear. 

Whether lead exposure is associated with age at menopause has been explored in only one 

occupational study (Popovic et al. 2005) and one cross-sectional study of the general population 

(Mendola et al. 2013). Among a highly lead exposed group of 101 former smelter employees, the 

mean age at menopause was significantly (p = 0.001) younger than among a group of 99 

community controls with no known occupational lead exposures. However, the company’s 

preferential hiring of women for smelter jobs who were unable to have children creates a 

selection bias—one that likely explains the early age at natural menopause, 43.7 years on 

average among the lead workers—that limits the validity of these results. Exposures in the 

second study, a cross-sectional analysis of NHANES data, are applicable to the general 

population, but the directionality of the observed association of higher blood lead (2-22 µg/dL) 

with increased odds of natural menopause among 45- to 55-year-old women is uncertain 

(Mendola et al. 2013). Although this association remained after adjustment for markers of bone 

turnover or bone density, in a cross sectional analysis, such measures cannot account for 

previous postmenopausal releases of lead from bone to blood.  

The major strengths of this study include having a large group of non-occupationally exposed 

women with bone lead measurements—a cumulative lead exposure marker—and extensive 

additional covariate data. One of the study’s limitations is that bone lead biomarkers were 

measured mostly after menopause, thus reverse causation is possible (that is, age at menopause 

affects lead levels, as opposed to lead affecting age at menopause). Because our bone lead 

measures were made over a relatively short time interval, women with an earlier age at 

menopause had more years since menopause at the time of their bone lead measurements than 
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women with later menopause. Although the effect of menopause on bone lead concentration has 

not been examined empirically, if menopause-related bone loss causes relatively higher bone 

lead concentration with more time since menopause, this could account for our findings. 

However, this seems unlikely at face-value, but in any case menopause-related bone loss occurs 

primarily in trabecular (patella) bone rather than cortical (tibia) bone (Riggs et al. 1982). 

Therefore, reverse causation would be expected to be most apparent for patella lead, but we 

found associations with tibia lead not patella lead. In addition, the most rapid menopause-related 

bone loss occurs in the first five years after menopause, yet we still saw associations among 

women who were more than 5 years post-menopause at the time of bone lead measurement. 

These findings suggest that possible menopause-associated changes in bone lead are unlikely to 

explain the observed associations with tibia lead. Nonetheless, only a prospective study with 

bone lead measured prior to menopause would answer this question with certainty.  

In our study blood and patella lead likely predominantly reflect post-menopausal lead exposure 

given their respective half-lives of months to years, and the fact that blood collection and bone 

lead measurements were done well after most study women were postmenopausal. Thus, a 

possible explanation for the null blood and patella results is that effects of lead on age at 

menopause are driven by long-term, premenopausal lead exposures that are reflected better by 

tibia lead because of its longer half-life on the order of decades (Wilker et al. 2011). 

In conclusion, this study on the association between bone lead, a measure of long-term lead 

exposure, and age at menopause suggests that cumulative exposure to lead in a non-

occupationally exposed group is associated with an earlier age at menopause. Given the relation 

between earlier menopause and many subsequent health problems, these results suggest a 

pathway by which lead may contribute to the burden of chronic disease in older women. The 
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success in reducing external lead exposures in the US may mean that women entering 

menopause today are at less risk of lead-associated earlier age at menopause than we observed, 

but the possibility remains that further reductions in lead levels could still improve the health of 

women as they age. 

  

 17 



References 

Aro A, Amarasiriwardena C, Lee ML, Kim R, Hu H. 2000. Validation of k x-ray fluorescence 

bone lead measurements by inductively coupled plasma mass spectrometry in cadaver legs. 

Med Phys 27:119-123. 

Aro AC, Todd AC, Amarasiriwardena C, Hu H. 1994. Improvements in the calibration of 109cd 

k x-ray fluorescence systems for measuring bone lead in vivo. Phys Med Biol 39:2263-2271. 

Atsma F, Bartelink ML, Grobbee DE, van der Schouw YT. 2006. Postmenopausal status and 

early menopause as independent risk factors for cardiovascular disease: A meta-analysis. 

Menopause 13:265-279. 

Broekmans FJ, Soules MR, Fauser BC. 2009. Ovarian aging: Mechanisms and clinical 

consequences. Endocr Rev 30:465-493. 

Campbell JR, Auinger P. 2007. The association between blood lead levels and osteoporosis 

among adults -- results from the Third National Health and Nutrition Examination Survey 

(NHANES III). Environ Health Perspect 115:1018-1022. 

Chang SH, Cheng BH, Lee SL, Chuang HY, Yang CY, Sung FC, Wu TN. Low blood lead 

concentration in association with infertility in women. 2006. Environ Res 101:380-386. 

Colditz GA, Manson JE, Hankinson SE. 1997. The nurses' health study: 20-year contribution to 

the understanding of health among women. J Womens Health 6:49-62. 

Cui R, Iso H, Toyoshima H, Date C, Yamamoto A, Kikuchi S, et al. 2006. Relationships of age 

at menarche and menopause, and reproductive year with mortality from cardiovascular 

disease in japanese postmenopausal women: The jacc study. J Epidemiol 16:177-184. 

Doumouchtsis KK, Doumouchtsis SK, Doumouchtsis EK, Perrea DN. 2009. The effect of lead 

intoxication on endocrine functions. J Endocrinol Invest, 32: 175-183. 

Downs JL, Wise PM. 2009. The role of the brain in female reproductive aging. Mol Cell 

Endocrinol 299:32-38. 

Faddy MJ, Gosden RG, Gougeon A, Richardson SJ, Nelson JF. 1992. Accelerated disappearance 

of ovarian follicles in mid-life: Implications for forecasting menopause. Hum Reprod 

7:1342-1346. 

Gallagher JC. 2007. Effect of early menopause on bone mineral density and fractures. 

Menopause 14:567-571. 

 18 



Garrido Latorre F, Hernandez-Avila M, Tamayo Orozco J, Albores Medina CA, Aro A, 

Palazuelos E, et al. 2003. Relationship of blood and bone lead to menopause and bone 

mineral density among middle-age women in mexico city. Environ Health Perspect 

111:631-636. 

Gollenberg AL, Hediger ML, Lee PA, Himes JH, Louis GM. 2010. Association between lead 

and cadmium and reproductive hormones in U.S. girls. Environ Health Perspect 

118(120:1782-1787. 

Greendale GA, Sowers M, Han W, Huang MH, Finkelstein JS, Crandall CJ, et al. 2012. Bone 

mineral density loss in relation to the final menstrual period in a multiethnic cohort: Results 

from the study of women's health across the nation (swan). J Bone Miner Res 27:111-118. 

Jackson LW, Cromer BA, Panneerselvamm A. 2010. Association between bone turnover, 

micronutrient intake, and blood lead levels in pre- and postmenopausal women, nhanes 

1999-2002. Environ Health Perspect 118:1590-1596. 

Jackson LW, Howards PP, Wactawski-Wende J, Shisterman EF. 2011. The association between 

cadmium, lead and mercury blood levels and reproductive hormones among healthy, 

premenopausal women. Hum Reprod 26: 2887-2895. 

http://dx.doi.org/10.1093/humrep/der250  

Kim R, Aro A, Rotnitzky A, Amarasiriwardena C, Hu H. 1995. K x-ray fluorescence 

measurements of bone lead concentration: The analysis of low-level data. Phys Med Biol 

40:1475-1485. 

Korrick SA, Hunter DJ, Rotnitzky A, Hu H, Speizer FE. 1999. Lead and hypertension in a 

sample of middle-aged women. Am J Public Health 89:330-335. 

Korrick SA, Schwartz J, Tsaih SW, Hunter DJ, Aro A, Rosner B, et al. 2002. Correlates of bone 

and blood lead levels among middle-aged and elderly women. Am J Epidemiol 156:335-

343. 

Krieg EF. 2007. The relationships between blood lead levels and serum follicle stimulating 

hormone and luteinizing hormone in the third National Health and Nutrition Examination 

Survey. Environ Res 104:374-382. 

Krieg EF, Feng HA. 2011. The relationships between blood lead levels and serum follicle 

stimulating hormone and luteinizing hormone in the National Health And Nutrition 

Examination Survey 1999-2002. Reprod Toxicol 32:277-285. 

 19 



Mathers CD, Boerma T, Fat DM. 2009. Global and regional causes of death. Br Med Bull 92:7-

32. 

McGivern RF, Sokol RZ, Berman NG. 1991. Prenatal lead exposure in the rat during the third 

week of gestation: long-term behavioral, physiologic, and anatomical effects associated with 

reproduction. Toxicol Appl Pharmacol 110(2):206-215. 

Mendola P, Brett K, DiBari JN, Pollack AZ, Tandon R, Shenassa ED. 2013. Short 

Communication: Menopause and lead body burden among US women aged 45-55, 

NHANES 1999-2010. Environ Res 121:110-113. 

Naicker N, Norris SA, Mathee A, Becker P, Richter L. 2010. Lead expsoure is associated with a 

delay in the onset of puberty in South African adolescent females: findings from the Birth to 

Twenty cohort. Sci Total Environ 408(21):4949-4954. 

Nampoothiri LP, Gupta S. 2006. Simultaneous effect of lead and cadmium on granulosa cells: a 

cellular model for ovarian toxicity. Reprod Toxicol 21:179-185. 

Nash D, Magder LS, Sherwin R, Rubin RJ, Silbergeld EK. 2004. Bone density-related predictors 

of blood lead level among peri- and postmenopausal women in the united states: The third 

national health and nutrition examination survey, 1988-1994. Am J Epidemiol, 160: 901-

911. 

Nie H, Hu H, Chettle DR. 2008. Application and methodology of in vivo k x-ray fluorescence of 

pb in bone (impact of KXRF data in the epidemiology of lead toxicity, and consistency of 

the data generated by updated systems). X-Ray Spectrometry 37(1):69-75. 

Ossewaarde ME, Bots ML, Verbeek AL, Peeters PH, van der Graaf Y, Grobbee DE, et al. 2005. 

Age at menopause, cause-specific mortality and total life expectancy. Epidemiology 16:556-

562. 

Pillai P, Pandya C, Gupta S, Gupta S. 2010. Biochemical and molecular effects of gestational 

and lactational coexposure to lead and cadmium on ovarian steroidogenesis are associated 

with oxidative stress in F1 generation rats. J Biochem Molecular Toxicology 24(6):384-394. 

Pollack AZ, Shisterman EF, Goldman LR, Mumford SL, Albert PS, Jones RL, Wactawski-

Wende J. 2011. Cadmium, lead, and mercury in relation to reproductive hormones and 

anovulation in premenopausal women. Environ Health Perspect 119: 1156-1161. 

http://dx.doi.org/10.1289/ehp.1003284 

 20 



Popovic M, McNeill FE, Chettle DR, Webber CE, Lee CV, Kaye WE. 2005. Impact of 

occupational exposure on lead levels in women. Environ Health Perspect 113:478-484. 

Potula V, Kaye W. 2006. The impact of menopause and lifestyle factors on blood and bone lead 

levels among female former smelter workers: The bunker hill study. Am J Ind Med 49:143-

152. 

Recker RR. 2011. Early postmenopausal bone loss and what to do about it. Ann N Y Acad Sci 

1240:E26-30. 

Riggs BL, Wahner HW, Seeman E, Offord KP, Dunn WL, Mazess RB, et al. 1982. Changes in 

bone mineral density of the proximal femur and spine with aging. Differences between the 

postmenopausal and senile osteoporosis syndromes. J Clin Invest 70:716-723. 

Ryan KJ. 1982. Biochemistry of aromatase: Significance to female reproductive physiology. 

Cancer Res 42:3342s-3344s. 

Selevan SG, Rice DC, Hogan KA, Euling SY, Pfahles-Hutchens A, Bethel J. 2003. Blood lead 

concentration and delayed puberty in girls. N Engl J Med 348:1527-1536. 

Snijder CA, te Velde E, Roeleveld N, Burdorf A. 2012. Occupational exposure to chemical 

substances and time to pregnancy: a systematic review. Hum Reprod Update 18(3):284-300. 

Tang N, Zhu ZQ. 2003. Adverse reproductive effects in female workers of lead battery plants. 

Int J Occup Med Environ Health 16:359-361. 

Taupeau C, Poupon J, Nomé F, Lefèvre B. 2001. Lead accumulation in the mouse ovary after 

treatment-induced follicular atresia. Reprod Toxicol 15:385-391. 

Taupeau C, Poupon J, Treton D, Brosse A, Richard Y, Machelon V. 2003. Lead reduces 

messenger rna and protein levels of cytochrome p450 aromatase and estrogen receptor beta 

in human ovarian granulosa cells. Biol Reprod 68:1982-1988. 

U.S. EPA. 2012. Integrated Science Assessment for Lead (Third External Review Draft). U.S. 

Environmental Protection Agency, Washington, DC, EPA/600/R-10/075C. 

Vahter M, Berglund M, Akesson A. 2004. Toxic metals and the menopause. J Br Menopause Soc 

10:60-64. 

van der Schouw YT, van der Graaf Y, Steyerberg EW, Eijkemans JC, Banga JD. 1996. Age at 

menopause as a risk factor for cardiovascular mortality. Lancet 347:714-718. 

Vermande-Van Eck GJ, Meigs JW. 1960. Changes in the ovary of the rhesus monkey after 

chronic lead intoxication. Fertil Steril 11:223-234. 

 21 



Weuve J, Korrick SA, Weisskopf MA, Ryan LM, Schwartz J, Nie H, et al. 2009. Cumulative 

exposure to lead in relation to cognitive function in older women. Environ Health Perspect 

117:574-580. 

Wilker E, Korrick S, Nie LH, Sparrow D, Vokonas P, Coull B, et al. 2011. Longitudinal changes 

in bone lead levels: the VA Normative Aging Study. J Occup Environ Med 53:850-855. 
  

 22 



Table 1. Mean (± SD) of lead exposure biomarkers by general characteristics (n = 434). 

 Na 
Tibia lead, 

µg/g 
Patella lead, 

µg/gb 
Blood lead, 

µg/dLb 
Age at bone lead measure     
46-54 62 9.3 ± 7.3 12.8 ± 10.0 2.8 ± 2.2) 
55-59 100 9.3 ± 7.6 10.3 ± 8.9 2.8 ± 1.7 
60-64 141 8.6 ± 9.8 12.0 ± 11.1 3.1 ± 1.9 
65-69 101 12.2 ± 10.7 11.7 ± 13.3 3.0 ± 1.5 
≥ 70 30 12.9 ± 12.7 16.9 ± 15.0 3.6 ± 2.9 
Age at menarche     
< 13 188 9.4 ± 9.6 12.2 ± 11.2 3.0 ± 1.9 
13 147 9.9 ± 8.9 11.1 ± 11.6 3.0 ± 2.0 
≥ 13 99 11.3 ± 10.5 12.9 ± 11.5 2.9 ± 1.9 
Oral contraception use (months)     
Never user 221 10.5 ± 10.2 12.3 ± 11.5 3.2 ± 2.0 
≤ 24 93 9.8 ± 9.4 12.2 ± 12.5 2.8 ± 1.7 
25-60 73 8.7 ± 8.9 10.9 ± 10.7 3.0 ± 2.0 
> 60 47 10.1 ± 8.0 11.7 ± 10.0 2.6 ± 1.5 
Parity     
Nulliparous 22 17.7 ± 14.2 15.7 ± 17.2 2.7 ± 2.2 
1 21 12.6 ± 10.6 13.3 ± 10.8 3.4 ± 2.2 
2 113 8.3 ± 9.7 10.8 ± 10.8 2.8 ± 1.8 
3 135 8.5 ± 8.1 11.5 ± 9.4 3.1 ± 1.9 
≥ 4 143 11.2 ± 9.1 12.5 ± 12.6 3.0 ± 1.9 
Pack-years of cigarette smokingc     
0  167 9.0 ± 8.6 10.7 ± 10.8 2.7 ± 1.6 
1-4 43 8.6 ± 10.8 10.0 ± 8.7 2.7 ± 1.3 
5-19 127 10.1 ± 9.9 12.9 ± 11.5 3.2 ± 2.3 
20-80 97 12.3 ± 9.9 14.0 ± 13.0 3.5 ± 2.0 
Alcohol consumption (g/day)c     
< 1 117 8.5 ± 8.4 10.1 ± 9.7 2.6 ± 1.5 
1-5 114 10.2 ± 9.0 11.6 ± 11.8 3.0 ± 1.7 
5-10 67 8.7 ± 10.5 12.1 ± 12.2 2.8 ± 1.8 
≥ 10 113 11.5 ± 10.1 13.8 ± 10.7 3.5 ± 2.3 
Body mass indexc     
< 20 36 10.4 ± 8.9 13.1 ± 9.6 3.4 ± 1.9 
20-25 302 9.9 ± 9.8 12.2 ± 10.8 3.1 ± 2.0 
≥ 25 94 10.0 ± 9.4 10.8 ± 13.7 2.5 ± 1.6 
HRT used     
Never 109 11.4 ± 10.4 12.2 ± 13.1 3.9 ± 2.4 
Past 152 9.3 ± 10.8 11.4 ± 12.3 3.1 ± 1.6 
Current 134 9.9 ± 7.6 12.2 ± 9.2 2.2 ± 1.4 
Pre-menopausal 28 9.1 ± 8.3 13.1 ± 11.5 2.4 ± 1.7 
aBecause of 22 missing alcohol consumption, 2 missing body mass index and 11 missing HRT 

use, not all covariates have 434 observations. bn = 1 missing patella lead; n = 6 missing blood 

lead. cAt time of menopause. dAt time of bone lead measurement. 
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Table 2. Differencea (95% CI) in age at natural menopause (years) by lead biomarker 

concentration (n = 434). 

Lead biomarkers N Age at natural menopause 
Tibia lead tertiles (µg/g)   
< 6.5 143 Reference 
6.5-13 145 -0.80 (-1.67, 0.06) 
13+ 146 -1.21 (-2.08, -0.35) 
P for trend testb  0.006 
Patella lead tertiles (µg/g)c   
< 8 134 Reference 
8-15 150 -0.32 (-1.18, 0.55) 
15+ 149 -0.00 (-0.88, 0.87) 
P for trend testb  0.99 
Blood lead tertiles (µg/dL)c   
< 3 192 Reference 
3 106 0.08 (-0.80, 0.96) 
3+ 130 -0.28 (-1.13, 0.56) 
P for trend testb  0.54 
aAdjusted for substudy group, age at bone lead measure, age at bone lead measure squared, year 

of birth, age at menarche, months of oral contraceptive use, parity, and pack-years of smoking. 
bP for trend was calculated using linear regression with a continuous lead biomarker term created 

by assigning each woman the median value of her lead biomarker tertile. cn = 1 missing patella 

lead; n = 6 missing blood lead. 
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Table 3. Odds ratioa (95% CI) for early menopause (< 45years) by lead biomarker concentration 

(n = 434). 

Lead biomarkers Case/control Early menopause 
Tibia lead tertiles (µg/g)   
< 6.5 3/140 Reference 
6.5-13 6/139 1.86 (0.44, 7.95) 
13+ 14/132  5.30 (1.42, 19.78) 
P for trend testb  0.006 
Patella lead tertiles (µg/g)c   
< 8 7/127 Reference 
8-15 11/139 1.24 (0.45, 3.42) 
15+ 5/144 0.52 (0.15, 1.78) 
P for trend testb  0.30 
Blood lead tertiles (µg/dL)c   
< 3 9/183 Reference 
3 7/99 1.43 (0.50, 4.12) 
3+ 7/123 1.22 (0.42, 3.58) 
P for trend testb  0.68 
aAdjusted for substudy group, age at bone lead measure, age at bone lead measure squared, year 

of birth, age at menarche, months of oral contraceptive use, parity, and pack-years of smoking. 
bP for trend was calculated using linear regression with a continuous lead biomarker term created 

by assigning each woman the median value of her lead biomarker tertile. cn = 1 missing patella 

lead; n = 6 missing blood lead.  
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Figure Legend 

Figure 1. Smoothed (natural spline, 3 knots) association between tibia lead concentration and age 

at menopause, adjusted for substudy group, age at bone lead measurement, age at bone lead 

measurement squared, year of birth, age at menarche, months of oral contraceptive use, parity, 

and pack-years of smoking. The stippled lines indicate the 95% confidence bands. Short vertical 

lines on the x-axis represent individual women in the study. 
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